1. Introduction {#sec1-ijms-19-02138}
===============

Ketoprofen is a non-steroidal anti-inflammatory drug (NSAID) that is scarcely soluble in water with a log partition coefficient are 0.185 mg/mL, 3.11, respectively. Ketoprofen mechanism of action involves the reversible inhibition of cyclooxygenase (COX), which, in turn, blocks the synthesis of prostaglandins (PGs) from arachidonic acid. Ketoprofen has been utilized extensively for the treatment of rheumatoid arthritis and associated diseases, since elevated levels of PGs sensitize peripheral nociceptors and exacerbate painful stimuli \[[@B1-ijms-19-02138],[@B2-ijms-19-02138]\]. On the other hand, the oral administration of ketoprofen, as with other NSAIDs, has undesirable side effects on the gastrointestinal tract \[[@B3-ijms-19-02138],[@B4-ijms-19-02138]\]. One promising method to reduce the adverse effects is to deliver the drug through the skin. However, due to the excellent barrier function of the skin, the need to use safe and effective enhancers to improving the transdermal absorption of drugs is well recognized \[[@B5-ijms-19-02138],[@B6-ijms-19-02138],[@B7-ijms-19-02138],[@B8-ijms-19-02138]\]. In an attempt to improve the skin permeation characteristics of ketoprofen, various methods to enhance the delivery of ketoprofen through the skin, such as liposomes, incorporation of penetration enhancers, microneedles, transdermal patches, and microemulsions have been investigated \[[@B9-ijms-19-02138],[@B10-ijms-19-02138],[@B11-ijms-19-02138],[@B12-ijms-19-02138]\]. Of particular promise are transdermal delivery systems using nanoparticles \[[@B9-ijms-19-02138],[@B10-ijms-19-02138],[@B11-ijms-19-02138],[@B12-ijms-19-02138]\]. The properties of nanoparticles play a significant role in determining their final biological fate \[[@B13-ijms-19-02138],[@B14-ijms-19-02138],[@B15-ijms-19-02138]\], with size, shape, surface functionality and stiffness being the most important design parameters for nanoparticle-mediated drug carriers \[[@B13-ijms-19-02138],[@B16-ijms-19-02138]\]. For instance, nanoparticles with diameters of 60--100 nm have been demonstrated to be of the optimal size for the cellular uptake process \[[@B17-ijms-19-02138],[@B18-ijms-19-02138],[@B19-ijms-19-02138]\]. Therefore, we designed transdermal formulations containing ketoprofen nanoparticles (KET-NPs formulation, particle size approximately 80--200 nm), and showed a high accumulation of ketoprofen released from the KET-NPs formulation in skin tissues. Further, the therapeutic effect on inflammation of the KET-NPs formulation is significantly greater than that of commercially available ketoprofen ointments (dissolution type) \[[@B20-ijms-19-02138]\]. The design of a KET-NPs formulation may represent a novel transdermal delivery system for the management of inflammation. However, the transport pathways for drugs from transdermal formulations containing nanoparticles remain unclear. Therefore, it is important to understand the mechanism of transdermal penetration from the KET-NPs formulation.

Nanoparticles do not enter cells simply via diffusion, and the relationship between endocytosis and nanoparticle-based drug delivery has been revealed by many researchers \[[@B21-ijms-19-02138],[@B22-ijms-19-02138],[@B23-ijms-19-02138],[@B24-ijms-19-02138],[@B25-ijms-19-02138]\]. The pathways of uptake of nanoparticles can be divided into phagocytosis/pinocytosis, and passive penetration. Phagocytosis is performed by specialized cells such as macrophages, and plays a role in the clearance of particles with diameters greater than 0.5 μm. On the other hand, smaller particles can be taken up by pinocytosis, which can be further classified into clathrin-mediated endocytosis (CME), caveolae-mediated endocytosis (CavME), and macropinocytosis (MP) \[[@B26-ijms-19-02138],[@B27-ijms-19-02138]\]. CME is used by all mammalian cells, representing an important part of cellular entry \[[@B27-ijms-19-02138]\]. The size of vesicles taken up by CME is about 100 nm. CavME is likewise a common pathway for cellular entry exploited by particles 60--80 nm in size \[[@B28-ijms-19-02138]\]. This pathway bypasses lysosomes \[[@B28-ijms-19-02138]\], and is the pathway exploited by many pathogens including viruses and bacteria to avoid lysosomal degradation \[[@B29-ijms-19-02138]\]. MP is an actin-regulated process that involves the engulfment of a large quantity of extracellular fluid and particles by plasma membrane ruffling. These membrane ruffles exhibit different shapes, and when closed, form large organelles called macropinosomes \[[@B30-ijms-19-02138]\]. MP covers a broad range of particle sizes from 100 nm to 5 μm \[[@B31-ijms-19-02138],[@B32-ijms-19-02138],[@B33-ijms-19-02138]\].

In this study, we investigated whether these forms of endocytosis are related to the skin penetration of ketoprofen from KET-NPs formulations using pharmacological inhibitors.

2. Results {#sec2-ijms-19-02138}
==========

2.1. Evaluation of the Release of Ketoprofen Nanoparticles from KET-NPs Formulation {#sec2dot1-ijms-19-02138}
-----------------------------------------------------------------------------------

[Figure 1](#ijms-19-02138-f001){ref-type="fig"} shows the size frequency, a scanning probe microscopic (SPM) image and solubility of the ketoprofen particles in the KET-NPs formulation. Bead mill treatment decreased the size of ketoprofen. The particle size in the 1.5% KET-NPs formulation was 98.3 ± 48.7 nm, with 1.51 × 10^10^ ± 0.04 × 10^10^ ketoprofen particles/g. Although the amount of dissolved ketoprofen (1.15 ± 0.05 μmol/g, *n* = 6) was also enhanced in comparison with the KET-MPs formulation (0.39 ± 0.05 μmol/g, *n* = 6), the amount dissolved ketoprofen in the KET-NPs formulation remained low with 98% of the ketoprofen in the nanoparticle state. [Figure 2](#ijms-19-02138-f002){ref-type="fig"} shows profiles for the release of ketoprofen particles from the KET-NPs formulation. Ketoprofen release from the KET-NPs formulation through a 450 nm pore size membrane was significantly higher than through a 25 nm pore size membrane. The number of ketoprofen nanoparticles was also enhanced in the reservoir chamber. In the 24 h after application, 9.6 ± 0.3 × 10^9^ particles/g were detected in the reservoir chamber, and the particle size frequency of released ketoprofen nanoparticles remained in the nano order (particle size 189.3 ± 24.5 nm).

2.2. Effect of Energy Dependent Endocytosis on the Transdermal Delivery of Ketoprofen Nanoparticles in the KET-NPs Formulation {#sec2dot2-ijms-19-02138}
------------------------------------------------------------------------------------------------------------------------------

[Figure 3](#ijms-19-02138-f003){ref-type="fig"} shows transdermal penetration profiles for ketoprofen particles from the KET-NPs formulation under conditions of inhibited energy-dependent endocytosis (4 °C) and under normal conditions (37 °C); [Table 1](#ijms-19-02138-t001){ref-type="table"} summarizes the pharmacokinetic parameters estimated from the data for the in vitro transdermal penetration shown in [Figure 3](#ijms-19-02138-f003){ref-type="fig"}A,B. The penetration profile for ketoprofen through the stratum corneum (SC)-removed skin was greater than through normal skin, and the penetration rate (*J*~c~) for normal skin was higher than for SC-removed skin at 37 °C. In addition, the accumulation of ketoprofen in SC-removed skin was higher than in normal skin at both 4 °C and 37 °C ([Figure 3](#ijms-19-02138-f003){ref-type="fig"}C). Moreover, no ketoprofen nanoparticles were detected in the reservoir chamber after application of the KET-NPs formulation to skin with or without SC (the number of ketoprofen nanoparticles was below the detection limit of the NANOSIGHT LM10). On the other hand, the penetration of ketoprofen was significantly prevented at 4 °C, with the amount penetrated (*AUC*~Penetration~) only 12.2% that at 37 °C 24 h after the application of KET-NPs formulation to normal skin.

2.3. Determination of the Endocytosis Pathway for Ketoprofen Nanoparticles Using Pharmacological Inhibitors {#sec2dot3-ijms-19-02138}
-----------------------------------------------------------------------------------------------------------

[Figure 4](#ijms-19-02138-f004){ref-type="fig"} shows the changes in the penetration and accumulation of ketoprofen particles from the KET-NPs formulation into skin treated with endocytosis inhibitors; [Table 2](#ijms-19-02138-t002){ref-type="table"} summarizes the pharmacokinetic parameters estimated from the data for the in vitro transdermal penetration shown in [Figure 4](#ijms-19-02138-f004){ref-type="fig"}A,B. Although, the transdermal penetration into skin treated with cytochalasin D was similar to that of the control, treatment with nystatin, rottlerin or dynasore all significantly decreased the transdermal penetration of the KET-NPs formulation. Moreover, the amount of ketoprofen in the skin tissue following the application of the KET-NPs formulation also lower than in the control group by treatment of nystatin, rottlerin or dynasore. In addition, the *AUC*~Penetration~ and accumulation in skin treated with all three endocytosis inhibitors (nystatin, rottlerin and dynasore) were similar to those at 4 °C (inhibited energy-dependent endocytosis) as shown in [Table 1](#ijms-19-02138-t001){ref-type="table"} and [Figure 3](#ijms-19-02138-f003){ref-type="fig"}. [Figure 5](#ijms-19-02138-f005){ref-type="fig"} shows the changes in the percutaneous absorption of the KET-NPs formulation in rats multi-treated with nystatin, rottlerin and dynasore. The percutaneous absorption of the KET-NPs formulation was significantly decreased by treatment with the three inhibitors, and the *AUC*~Plasma~ in rats multi-treated with the three inhibitors was 13.4% that of the control.

3. Discussion {#sec3-ijms-19-02138}
=============

Ketoprofen is a widely prescribed NSAID for the management of pain from inflammation, such as in arthritis, but oral administration produces systemic adverse effects including gastrointestinal irritation. Since the gastrointestinal side effects can be avoided by using transdermal formulations, the development of a drug delivery system that improves the transdermal absorption of the drug is expected. We previously reported that transdermal formulations containing ketoprofen solid nanoparticles (KET-NPs formulation) provide high skin permeability and drug accumulation, and that the anti-inflammatory effects of the KET-NPs formulation are significantly greater than those of commercially available ketoprofen ointments (dissolution type) in adjuvant-induced arthritic rats \[[@B20-ijms-19-02138]\]. However, the transport pathway remains unclear for the KET-NPs formulation. In this study, we investigated the effect of endocytosis on the skin penetration of the KET-NPs formulation, and found that three endocytosis pathways (CavME, CME and MP) are related to the skin penetration of ketoprofen nanoparticles.

The biological fate of the nanoparticles was determined by their properties \[[@B13-ijms-19-02138],[@B14-ijms-19-02138],[@B15-ijms-19-02138]\]; specifically, size and shape are the most important factors in the transport pathways \[[@B13-ijms-19-02138],[@B16-ijms-19-02138]\]. We demonstrated the size and shape of the nanoparticles in the KET-NPs formulation by NANOSIGHT LM10 and SPM imaging, respectively. It has previously been reported that nanoparticles with diameters in the range of 60--100 nm are optimal for the cellular uptake process \[[@B17-ijms-19-02138],[@B18-ijms-19-02138],[@B19-ijms-19-02138]\]. Therefore, the KET-NPs formulation in this study may be suitable for the cellular uptake process, since the particle size in this formulation is 98.3 ± 48.7 nm ([Figure 1](#ijms-19-02138-f001){ref-type="fig"}A). Moreover, 4--7 of 15 nm-ketoprofen particles were aggregated, and each ketoprofen particle looks like a ledge on the surface of the KET-NPs formulation ([Figure 1](#ijms-19-02138-f001){ref-type="fig"}B). In addition, we determined the particle size of the ketoprofen particles released from the KET-NPs formulation in an in vitro drug release test using the Franz diffusion cell ([Figure 2](#ijms-19-02138-f002){ref-type="fig"}). The particle size of the released ketoprofen (9.58 ± 0.34 × 10^9^ particles/g) remained at the nano order (189.3 ± 24.5 nm, [Figure 2](#ijms-19-02138-f002){ref-type="fig"}C). These results show that ketoprofen from the KET-NPs formulation is released as nanoparticles rather than in a dissolved form. On the other hand, the ketoprofen particle size after penetration of the 450 nm pore membrane ([Figure 2](#ijms-19-02138-f002){ref-type="fig"}C) was larger than that in KET-NPs formulation ([Figure 1](#ijms-19-02138-f001){ref-type="fig"}A). These difference of particle size frequencies in the [Figure 1](#ijms-19-02138-f001){ref-type="fig"}A and [Figure 2](#ijms-19-02138-f002){ref-type="fig"}C may be caused by the aggregation, since the dispersible of ketoprofen nanoparticles was unstable in the receptor medium (purified water) used Franz diffusion cell.

Next, we investigated the transport pathways of ketoprofen nanoparticles into rat skin. It is known that the SC has a barrier function in the skin to prevent particles from penetrating into the skin. In this study, we show that the level of dissolved ketoprofen in the KET-NPs formulation is higher than in the KET-MPs formulation ([Figure 1](#ijms-19-02138-f001){ref-type="fig"}C). Therefore, one pathway is that dissolved ketoprofen on the penetrates the skin, and is transmitted into the blood. On the other hand, our previous reports showed that drug infiltration into skin tissue is enhanced for particles in the size range of approximately 80--200 nm in comparison with drugs in the liquid state, since the skin penetration rate of ketoprofen nanoparticles is higher than for an ointment containing dissolved ketoprofen (commercially available ketoprofen gel ointment, SECTOR gel^®^ 3%) \[[@B20-ijms-19-02138]\]. In addition, we measured the effect of KET-NPs formulation on SC by using fluorescein, and it was not observed the damage in the SC 24 h after application, since the fluorescein infiltration was similar between with or without KET-NPs formulation. This suggests that other pathways may be involved in the skin penetration of ketoprofen nanoparticles, and it has been reported that endocytosis is the major route by which nanomedicines are transported across membranes \[[@B26-ijms-19-02138],[@B27-ijms-19-02138],[@B34-ijms-19-02138],[@B35-ijms-19-02138]\]. Therefore, we investigated the involvement of energy-dependent pathways on the skin uptake of ketoprofen nanoparticles released from the KET-NPs formulation. It has been reported that incubation at a cold temperature (4 °C) inhibits all energy-dependent uptake, including endocytosis, in cells \[[@B36-ijms-19-02138]\]. Our previous reports showed that the amount of penetrated KET increased linearly after the application of either KET-MPs and KET-NPs formulations, but the pharmacokinetic parameters (*J*~c~ and *K*~p~) in the KET-NPs formulation was higher than that in KET-MPs formulation in the normal condition (37 °C) \[[@B20-ijms-19-02138]\]. On the other hand, the pharmacokinetic parameters (*J*~c~, *K*~p~, *K*~m~, *t*~lag~ and *D* values) of the KET-NP formulation under cold temperature conditions (4 °C) were significantly lower than those of the normal condition (37 °C, [Table 1](#ijms-19-02138-t001){ref-type="table"}). In addition, the amount of KET in the skin tissues of rats receiving the KET-NPs formulation at 4 °C condition was also significantly lower than that of rats receiving the KET-NPs formulation at 37 °C condition ([Figure 3](#ijms-19-02138-f003){ref-type="fig"}C). Furthermore, the decrease in the both drug skin permeation and retention in the KET-NPs formulation under the 4 °C condition were also observed in the SC-removed skin ([Figure 3](#ijms-19-02138-f003){ref-type="fig"}). Those results showed that the penetration of the KET-NPs formulation was significantly inhibited under cold temperature conditions (4 °C) ([Figure 3](#ijms-19-02138-f003){ref-type="fig"}), and energy-dependent uptake is related to the uptake of ketoprofen from the KET-NPs formulation. Moreover, it suggests that the some ketoprofen can penetrate the SC in the nanoparticle state, and the SC-penetrated ketoprofen particles may be uptaken by the energy-dependent pathway. Based on these results, we sought to identify which endocytosis pathways are related to the skin penetration of ketoprofen nanoparticles using inhibitors specific for individual endocytosis pathways (nystatin, dynasore, rottlerin and cytochalasin D) \[[@B37-ijms-19-02138],[@B38-ijms-19-02138],[@B39-ijms-19-02138]\], and found that multi-treatment with nystatin, dynasore and rottlerin prevents the transport of ketoprofen nanoparticles ([Figure 4](#ijms-19-02138-f004){ref-type="fig"}A). In addition, the level of ketoprofen accumulation in the skin was also decreased by multi-treatment with the three inhibitors ([Figure 4](#ijms-19-02138-f004){ref-type="fig"}B). These results suggest that ketoprofen nanoparticles are taken up into cells by three endocytosis pathways (CavME, CME and MP), and cross to the basolateral side, resulting in an enhancement in skin penetration.

It is important to consider the different types of endocytosis activity and the ketoprofen particle size in the KET-NPs formulation. Zhang et al. \[[@B40-ijms-19-02138]\] reported that the size of the vesicles varies with the specific pathway of pinocytosis in the endocytic process, with the sizes corresponding to the CavME, CME, and MP pathways being \<80 nm, \<120 nm and 100 nm--5 μm, respectively. On the other hand, Yang et al. \[[@B41-ijms-19-02138]\] recently showed that gold nanoparticles taken up by the CavME and CME pathways involved a degradation and transcytosis pathway in the cells. In addition, the ratio of degradation and transcytosis of nanoparticles mediated by MP was lower than for those mediated by CavME and CME in the Caco-2 and HT-29 intestinal epithelial cell lines \[[@B41-ijms-19-02138]\]. In the present study, a ledge comprising individual ketoprofen molecules was observed of the surface of each ketoprofen nanoparticle, and the size frequency of ketoprofen particles in the KET-NPs formulation was approximately 20--200 nm (mean particle size 98 nm) ([Figure 1](#ijms-19-02138-f001){ref-type="fig"}A). Taken together, it is possible that both dissolved ketoprofen on the SC and nanoparticles passed through the SC reflect the skin penetration and accumulation of ketoprofen from the KET-NPs formulation (pathway 1, [Figure 6](#ijms-19-02138-f006){ref-type="fig"}). In addition, the involvement of the CavME, CME and MP pathways are determined by the differences in the size and shape of the nanoparticles, and the contribution to the cellular uptake and intracellular route of the different endocytosis pathways may affect the skin penetration and accumulation of ketoprofen (pathway 2, [Figure 6](#ijms-19-02138-f006){ref-type="fig"}).

These results support previous reports in which endocytosis is the major route by which nanomedicines are transported across membranes \[[@B26-ijms-19-02138],[@B27-ijms-19-02138],[@B34-ijms-19-02138],[@B35-ijms-19-02138]\]. Further studies are needed to clarify the relationships of the three endocytosis pathways and the percutaneous absorption of ketoprofen nanoparticles. Moreover, it is important to elucidate the mechanism of ketoprofen dissolution in the skin penetration process of ketoprofen nanoparticles. Therefore, we are currently investigating the effect of energy-dependent endocytosis on ketoprofen dissolution. Moreover, we are planning to demonstrate the correlation between the activation of the three endocytosis pathways and drug particle size using cultured cells.

4. Materials and Methods {#sec4-ijms-19-02138}
========================

4.1. Animals {#sec4dot1-ijms-19-02138}
------------

Wistar rats were purchased from Kiwa Laboratory Animals Co., Ltd. (Wakayama, Japan); 7 week-old rats (male, 210--240 g) were used in this study. The rats were housed under normal conditions (7:00 a.m.--7:00 p.m. light, 25 °C), and the water and CE-2 formulation diet (Clea Japan Inc., Tokyo, Japan) were provided freely. The experiments using animals were approved by the animal care and user committee of Kindai University, and carried out in accordance with the Pharmacy Committee Guidelines (project identification code KAPS-25-002, 1 April 2013). In addition, all procedures were in accordance with the Guiding Principles approved by The Japanese Pharmacological Society and with the guidelines for animal experimentation of the International Association for the Study.

4.2. Chemicals {#sec4dot2-ijms-19-02138}
--------------

Nystatin and carboxypolymethylene (carbopol, Carbopol^®^ 934) were purchased from Sigma-Aldrich Japan (Tokyo, Japan) and Serva (Heidelberg, Germany), respectively. Cytochalasin D, propyl *p*-hydroxybenzoate, isoflurane and commercially available ketoprofen powder (particle size, 7.7 ± 0.28 μm, means ± S.E.) were provided by Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Rottlerin and dynasore were purchased from Nacalai Tesque (Kyoto, Japan) and methylcellulose (MC, SM-4) was obtained from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). All other chemicals used were of the highest purity commercially available.

4.3. Preparation of the Ketoprofen Transdermal Formulation {#sec4dot3-ijms-19-02138}
----------------------------------------------------------

Dispersions containing ketoprofen nanoparticles were prepared as follows: ketoprofen powder was added to MC solution in purified water, and subjected to wet milling. The milling (3000 rpm, 30 s × 30 times) was performed by a Bead Smash 12 at 4 °C (Wakenyaku Co. Ltd., Kyoto, Japan) \[[@B20-ijms-19-02138],[@B42-ijms-19-02138]\]. The dispersions containing ketoprofen nanoparticles were mixed with carboxypolymethylene, and the gelled-mixture containing ketoprofen nanoparticles was used as the transdermal formulation containing ketoprofen nanoparticles (KET-NPs formulation). The composition of the KET-NPs formulation was as follows: 1.5% ketoprofen, 0.5 MC, 3% carboxypolymethylene. The particle size and number of ketoprofen particles was measured by a NANOSIGHT LM10 (QuantumDesign Japan, Tokyo, Japan) as follows: viscosity of the suspension, 1.27 mPa∙s; wavelength, 405 nm (blue); time 60 s. Images of the particles were evaluated using a SPM-9700 (Shimadzu Corp., Kyoto, Japan).

4.4. Measurement of Ketoprofen by an HPLC Method {#sec4dot4-ijms-19-02138}
------------------------------------------------

The ketoprofen concentration was measured using a Shimadzu LC-20AT system equipped with a column oven CTO-20 A (Shimadzu Corp.). The HPLC conditions were as follows: column, Inertsil^®^ ODS-3 column (3 μm, column size: 2.1 mm × 50 mm, GL Science Co., Inc., Tokyo, Japan); column temperature, 35 °C; detection wavelength, 260 nm; intestinal standard, 1 μg/mL propyl *p*-hydroxybenzoate; the mobile phase consisted of methanol---0.05% trifluoroacetic acid (50:50, *v*/*v*); flow rate, 0.25 mL/min.

4.5. Drug Release from KET-NPs Formulations {#sec4dot5-ijms-19-02138}
-------------------------------------------

The release of ketoprofen from the KET-NPs formulation was measured as previously reported using a Franz diffusion cell (reservoir volume 12.2 mL) \[[@B20-ijms-19-02138],[@B42-ijms-19-02138]\]. Briefly, 25 nm- or 450 nm-pore size MF^TM^-MEMBRANE FILTERS (Merck Millipore, Tokyo, Japan) were set in a Franz diffusion cell filled with purified water, and an *O*-ring flange (1.6 cm i.d.) was placed on the filter. Then, 0.3 g of the transdermal formulation was spread uniformly over the filter. The Franz diffusion cell was thermoregulated at 37 °C, and 100 μL of sample solution was withdrawn from the reservoir chamber filled with purified water. The particle size, number and concentration of the ketoprofen in the samples were determined using the NANOSIGHT LM10 and HPLC methods as described above. The area under the ketoprofen concentration-time curve (*AUC*~Release~) was analyzed according to the trapezoidal rule up to the last ketoprofen measurement point (24 h).

4.6. In Vitro Transdermal Penetration of KET-NPs Formulation {#sec4dot6-ijms-19-02138}
------------------------------------------------------------

Skin penetration from the transdermal formulation was measured by using rat abdominal skin set in the Franz diffusion cell filled with purified water \[[@B20-ijms-19-02138],[@B42-ijms-19-02138]\]. The skin was obtained from 7 week-old Wistar rats following the removal of the hair on the abdominal area on the day prior to the experiment. The SC was removed by the tape stripping method as necessary, and the O-ring flange (1.6 cm i.d.) was placed on the skin. Then, 0.3 g KET-NPs formulation (1.5%) was spread uniformly over the skin. In the energy-dependent endocytosis analysis, the Franz diffusion cell was filled with purified water, and thermoregulated at 4 °C, under which condition energy-dependent endocytosis is inhibited \[[@B36-ijms-19-02138]\], or at 37 °C (normal conditions). For the analysis of the different endocytosis pathways by pharmacological inhibitors, inhibitors of CavME (54 μM nystatin) \[[@B37-ijms-19-02138]\], CME (40 μM dynasore) \[[@B38-ijms-19-02138]\], MP (2 μM rottlerin) \[[@B39-ijms-19-02138]\] or phagocytosis (10 μM cytochalasin D) \[[@B37-ijms-19-02138]\] were applied to the removed skin for 1 h prior to the application of the transdermal formulation. The endocytosis inhibitors were dissolved in 0.5% DMSO. The Franz diffusion cell was filled with purified water with or without endocytosis inhibitor, thermoregulated at 37 °C (normal conditions). In this study, 100 μL of sample solution was withdrawn from the reservoir chamber for the measurement of particle size, number and concentration. The size, number and concentration of ketoprofen particles in the samples were determined using the NANOSIGHT LM10 and HPLC methods as described above, and the areas under the penetrated ketoprofen concentration-time curves (*AUC*~Penetration~) were measured by the *AUC* method described above. In addition, the *J*~c~, (penetration rate), *K*~m~ (skin/preparation partition coefficient), *K*~p~ (penetration coefficient through the skin), *D* (diffusion constant within the skin), lag time (*t*~lag~) were analyzed according to Equations (1)--(3) \[[@B20-ijms-19-02138]\]:$$t_{lag} = \frac{\delta^{2}}{6D}$$ $$J_{c} = \frac{K_{m} \cdot D \cdot C_{KET}}{\delta} = K_{p} \cdot C_{KET}$$ $$Q_{t} = J_{c} \cdot A \cdot \left( {t - t_{lag}} \right)$$

The analysis was performed by a nonlinear least-squares computer program (MULTI) \[[@B20-ijms-19-02138]\], and *A* (2 cm^2^), *δ* (0.071 cm) and *Q*~t~ are the effective area of the skin, the thickness of the skin (mean of 6 independent rats), and amount of ketoprofen (*C*~KET~) in the reservoir solution at time *t*, respectively.

4.7. In Vivo Percutaneous Absorption of KET-NPs Formulation {#sec4dot7-ijms-19-02138}
-----------------------------------------------------------

The hair on the abdominal area of 7 week-old Wistar rats was removed on the day before the experiment, and 0.3 g KET-NPs formulation (1.5%) was applied to the shaved abdominal skin on the following day. Blood was collected from the right jugular vein via cannulation, and centrifuged (800 g, 20 min, 4 °C) for the measurement of plasma ketoprofen concentrations. The concentration of ketoprofen was determined using the HPLC method described above, and the areas under the plasma ketoprofen concentration-time curves (*AUC*~Plasma~) were evaluated by the *AUC* method described above.

4.8. Statistical Analysis {#sec4dot8-ijms-19-02138}
-------------------------

The data are expressed as the mean ± standard error (S.E.) of the mean. Student's *t*-test was used for two group comparisons, and one-way analysis of variance (ANOVA) followed by Dunnett's multiple comparison was used for multiple group comparisons. A minimum *p* value of 0.05 (*p* \< 0.05) was chosen as the significance level.

5. Conclusions {#sec5-ijms-19-02138}
==============

We prepared a transdermal formulation containing ketoprofen nanoparticles 20--200 nm in size since it has been reported that nanoparticles with diameters of 60--100 nm are optimal for the cellular uptake process \[[@B17-ijms-19-02138],[@B18-ijms-19-02138],[@B19-ijms-19-02138]\], and found two pathways, (1) and (2), for skin penetration. Pathway (1) is that dissolved ketoprofen on the SC is penetrates the skin penetration and is transmitted into the blood circulation \[[@B20-ijms-19-02138]\]. For pathway (2), it is hypothesized that ketoprofen nanoparticles are released from the KET-NPs formulation, and reach the underlying epidermis via the SC. After that, the ketoprofen nanoparticles transit into the underlying epidermis and are taken up by three endocytosis pathways (CavME, CME and MP), after which the nanoparticles may dissolve and diffuse into the epidermis and dermis, and resulting, finally, in transition into the blood circulation ([Figure 6](#ijms-19-02138-f006){ref-type="fig"}). These findings provide significant information that can be used to design further studies aimed at developing transdermal delivery systems using nanoparticles.

N.N. created the concept of, and designed, the study, and wrote the manuscript; M.I., and H.O. performed the experiments for preparation of nanoparticles; M.I., and Y.F., performed the in vitro and in vivo experiments using rats and analyzed the data; and F.O., and N.K. performed the measurement of ketoprofen concentration; N.N., and Y.N. performed the experiments for pharmacokinetic analysis. All authors significantly contributed to the conception and design of the study, and to the interpretation of the data.
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![Particle size frequencies (**A**); SPM images (**B**) and solubility (**C**) of ketoprofen particles in the KET-NPs formulation. Mean ± S.E. *n* = 6. \* *p* \< 0.05 vs. KET-MPs formulation. The particle size of ketoprofen in the KET-NPs formulation was 98.3 ± 48.7 nm, and the ratio of nanoparticles to solubilized ketoprofen was 98%.](ijms-19-02138-g001){#ijms-19-02138-f001}

![Ketoprofen release from the KET-NPs formulation through 25 nm and 450 nm pore membranes. (**A**) Drug release from the KET-NPs formulation through the membranes; (**B**) Number of ketoprofen particles released from the KET-NPs formulation; (**C**) Particle size frequencies of ketoprofen released from the KET-NPs formulation 24 h after application in the 450 nm pore membrane. The ketoprofen in the Franz diffusion cell (reservoir chamber filled with purified water) after the application of the KET-NPs formulation was measured by HPLC, and the number of particles was counted using NANOSIGHT LM10. Means ± S.E. *n* = 6. N.D., not detectable. \* *p* \< 0.05 vs. 25 nm-pore membrane for each category. Ketoprofen was released from the KET-NPs formulation in the nanoparticle state (mean particle size, 189.3 ± 24.5 nm).](ijms-19-02138-g002){#ijms-19-02138-f002}

![Transdermal penetration of ketoprofen released from the KET-NPs formulation at 4 °C and 37 °C. (**A**) Penetration of the KET-NPs formulation through skin containing SC (normal skin); (**B**) Penetration of the KET-NPs formulation through skin from which the SC was removed (SC-removed skin); (**C**) Amount of ketoprofen in rat skin 24 h after treatment the KET-NPs formulation at 4 °C and 37 °C. The SC was removed by tape stripping. The KET-NPs formulation was applied to skin with (normal skin) or without SC (SC-removed skin). Mean ± S.E. *n* = 6. \* *p* \< 0.05 vs. normal skin at 37 °C for each category. \*\* *p* \< 0.05 vs. SC-removed skin at 37 °C for each category. The transdermal penetration and amount of ketoprofen in the SC-removed skin was higher than in normal skin. In addition, the transdermal penetration and accumulation of the drug into skin was prevented under the 4 °C conditions in both normal and SC-removed skin.](ijms-19-02138-g003){#ijms-19-02138-f003}

![Effect of endocytosis on the transdermal penetration of ketoprofen released from the KET-NPs formulation. (**A**) Effect of endocytosis inhibitors (nystatin, dynasore, rottlerin and cytochalasin D) on the penetration from the KET-NPs formulation through the skin; (**B**) Changes in the transdermal penetration in the KET-NPs formulation by multi-treatment with three inhibitors (nystatin, dynasore and rottlerin; Nys + Dyn + Rot); (**C**) Effect of endocytosis inhibitors (nystatin, dynasore, rottlerin and cytochalasin D) on the amount of ketoprofen in rat skin 24 h after application of the KET-NPs formulation; (**D**) Changes in drug accumulation from the KET-NPs formulation by multi-treatment with three inhibitors (nystatin, dynasore, rottlerin; Nys + Dyn + Rot). The ketoprofen concentration in rat skin was measured 24 h after application of the KE-NPs formulation. Mean ± S.E. *n* = 6--8. \* *p* \< 0.05 vs. control for each category. The transdermal penetration of ketoprofen nanoparticles was promoted by the additive effects of CavME, CME and MP.](ijms-19-02138-g004){#ijms-19-02138-f004}

![Effect of endocytosis on the percutaneous absorption of ketoprofen released from the KET-NPs formulation. (**A**) Changes in percutaneous absorption from the KET-NPs formulation by multi-treatment with three inhibitors (nystatin, dynasore and rottlerin; Nys + Dyn + Rot); (**B**) Effect of multi-treatment with three inhibitors (nystatin, dynasore and rottlerin; Nys + Dyn + Rot) on *AUC*~Plasma~ in rats treated with the KET-NPs formulation. Mean ± S.E. *n* = 6. \* *p* \< 0.05 vs. control for each category. The percutaneous absorption of from the KET-NPs formulation was attenuated by the inhibitory effects of CavME, CME and MP.](ijms-19-02138-g005){#ijms-19-02138-f005}

![Mechanism for the percutaneous absorption process from the transdermal formulation containing ketoprofen nanoparticles.](ijms-19-02138-g006){#ijms-19-02138-f006}

ijms-19-02138-t001_Table 1

###### 

Pharmacokinetic analysis of KET-NPs formulation in rat skin at 4 °C and 37 °C.

  Parameter                           Normal Skin               SC-Removed Skin                                  
  ----------------------------------- ------------------------- -------------------------- --------------------- --------------------------------
  *J*~c~ (nmol·cm^−2^·min^−1^)        26.7 ± 13.5 \*\*          208.7 ± 10.8 \*^,^\*\*\*   28.2 ± 4.6 \*\*       261.4 ± 8.2 \*^,^\*\*^,^\*\*\*
  *K*~p~ (×10^−3^·min^−1^)            7.5 ± 2.8 \*\*            59.0 ± 3.1 \*^,^\*\*\*     7.3 ± 0.2 \*\*        74.3 ± 2.5 \*^,^\*\*^,^\*\*\*
  *K*~m~ (×10^−3^)                    5.5 ± 2.9                 4.8 ± 0.8                  5.5 ± 0.6             3.4 ± 0.9
  *t*~lag~ (min)                      8.0 ± 2.2 \*\*^,^\*\*\*   1.0 ± 0.2 \*^,^\*\*\*      2.2 ± 0.4 \*^,^\*\*   0.6 ± 0.1 \*^,^\*\*\*
  *D* (×10^−3^·cm^2^·min^−1^)         0.2 ± 0.1 \*\*            1.1 ± 0.3 \*^,^\*\*\*      0.4 ± 0.1 \*\*        1.4 ± 0.5 \*^,^\*\*\*
  *AUC*~Penetration~ (μmol·h/cm^2^)   6.1 ± 1.0 \*\*            49.7 ± 6.1 \*^,^\*\*\*     8.8 ± 1.1 \*\*        53.2 ± 5.4 \*^,^\*\*\*

Skin with (normal skin) and without SC (SC-removed skin) was used in this study; the SC was removed by the tape stripping method. The parameter data were analyzed by Equations (1)--(3). *n* = 6. \* *p* \< 0.05, vs. normal skin at 4 °C for each category. \*\* *p* \< 0.05, vs. normal skin at 37 °C for each category. \*\*\* *p* \< 0.05, vs. SC-removed skin at 4 °C for each category.

ijms-19-02138-t002_Table 2

###### 

Effect of endocytosis inhibitors on in vitro transdermal penetration of KET-NPs formulation.

  Parameter                           Control             Nystatine               Dynasore                Rottlerin                Cytochalasin D      Nys + Dyn + Rot
  ----------------------------------- ------------------- ----------------------- ----------------------- ------------------------ ------------------- -----------------
  *J*~c~ (nmol·cm^−2^·min^−1^)        187.9 ± 19.0 \*\*   127.3 ± 0.9 \*^,^\*\*   128.5 ± 1.5 \*^,^\*\*   128.3 ± 29.5 \*^,^\*\*   199.5 ± 26.2 \*\*   27.1 ± 9.3 \*
  *K*~p~ (×10^−3^·min^−1^)            53.1 ± 5.4 \*\*     35.9 ± 5.5 \*^,^\*\*    36.3 ± 9.3 \*^,^\*\*    36.3 ± 4.2 \*^,^\*\*     56.4 ± 7.3 \*\*     7.2 ± 1.2 \*
  *K*~m~ (×10^−3^)                    3.2 ± 0.9           3.7 ± 0.2               4.2 ± 0.2               2.8 ± 0.8                2.2 ± 0.8           4.3 ± 0.8
  *t*~lag~ (min)                      0.8 ± 0.3 \*\*      1.3 ± 0.2 \*^,^\*\*     1.5 ± 0.2 \*^,^\*\*     0.8 ± 0.2 \*\*           0.5 ± 0.2 \*\*      8.0 ± 1.0 \*
  *D* (×10^−3^·cm^2^·min^−1^)         1.5 ± 0.3 \*\*      0.7 ± 0.1 \*^,^\*\*     0.6 ± 0.1 \*^,^\*\*     1.4 ± 0.4 \*\*           3.2 ± 1.7 \*\*      0.2 ± 0.1 \*
  *AUC*~Penetration~ (μmol·h/cm^2^)   50.7 ± 8.7 \*\*     32.9 ± 6.1 \*^,^\*\*    35.2 ± 6.3 \*^,^\*\*    36.8 ± 7.4 \*^,^\*\*     52.6 ± 9.5 \*\*     6.8 ± 2.7 \*

The skin samples were co-treated with KET-NPs formulation and inhibitors \[0.5% DMSO (control), 54 μM nystatin, 40 μM dynasore, 2 μM rottlerin or 10 μM cytochalasin D\]. Nys + Dyn + Rot was showed the multi-treated groups by 54 μM nystatin, 40 μM dynasore, 2 μM rottlerin. The parameter data were analyzed by Equations (1)--(3). *n* = 6--8. \* *p* \< 0.05, vs. control for each category. \*\* *p* \< 0.05, vs. Nys + Dyn + Rot for each category.
